INTRODUCTION 1
phenotypes define each locus as being required for normal floral transition. Of 23 these two loci, only the id1 gene has been cloned and molecularly characterized. independent dlf1 mutations proved this fragment was part of the dlf1 gene. 10
To obtain the genomic structure of the dlf1 gene, BAC (bacterial artificial 11 chromosome) libraries were screened with over-go probes homologous to the 12
Mu-adjacent fragment that co-segregated with the dlf1 phenotype. The dlf1 gene 13 was localized within 3486-bp of unique sequence surrounded by repetitive DNA 14 with homology to retro-elements ( showed that the dlf1 gene contains a 612-bp long ORF, which encodes a 24 putative protein of 204 amino acids and is interrupted by a single 80-bp intron. 25
The poly-A site is located about 540-bp downstream of the stop codon. 26
Hybridization of genomic DNA from both B73 and Mo17 inbreds with a dlf1 3' 27 UTR probe revealed a single HindIII band, indicating that dlf1 is a single copy 28 gene in the maize genome (data not shown). 29
Cloning of the four independent Mu-insertion alleles revealed that two 30 alleles had insertions in the ORF of exon1 while the other two had insertionsarginine (CGC) to histidine (CAC) at amino acid position 143 ( Fig. 2A) . 
Mutation 21
The wild type DLF1 protein differs from the missense DLF1-N2461A protein by a 22 single conservative amino acid substitution (Arg143>His) yet the dlf1-N2461A 23 mutation is probably nonfunctional. We constructed a 3D structure model of the 24 DLF1 basic region and DNA complex by homologous modeling. Of the known 25 protein structures, the basic region of DLF1 is best matched to a cAMP response 26 element binding (CREB, pdbcode:1dh3) bZIP protein from mouse (Schumacher 27 et al., 2000) . The crystal structure of the CREB bZIP contains two α -helices in a 28 scissors-grip shape, dimerized by the leucine zipper motif and bound to a 21-bp 29 DNA segment. The CREB bZIP recognizes the bound DNA segment through 30 interactions with the major groove defined by the sequence ATGACGTCAT.
residues Asn142 and Arg150 together with conserved small residues Ser145 and 11
Ala146 make direct contact to the edges of the nucleotide bases at the bottom of 12 the major groove through either hydrogen bonds or van der Waals forces. 13
Secondly, a number of basic Lys and Arg residues open their long arms gripping 14 the ridges of the phosphodiester chain on both sides of the major groove (Fig.  15 4A). Arg137, Arg150, Arg152, Lys136, Lys141, and the missense mutation site, 16
Arg143, directly contact the phosphate groups of DNA while Lys135, Lys153 and 17
Arg152 form water-mediated interactions to DNA. The backbone atoms of 18
Arg143 are buried in a valley formed by the DLF1 helix and DNA chain while the 19 guanidinium group on its flexible long side-chain protrudes out forming direct 20 interactions with DNA's phosphate groups, phosT2 and phosG1 (Fig. 4B) . In 21 modeling the DLF1-N2461A Arg143>His mutant, we found that the space 22 normally occupied by Arg143's aliphatic side-chain was unable to accommodate 23 the bulky imidazole ring of His without severely distorting the conformation of the 24 DNA backbone. The interaction energy between the phosphate group and His is 25 much weaker, compared to that for Arg143. Therefore, the Arg143>His mutation 26 significantly reduces the binding affinity of DLF1-N2461A to DNA. Moreover, in 27 CREB bZIP, two basic residues, Arg294 and Arg298 are aligned and directly 28 contact the phosphate groups. Conversely, in this region of DLF1, only one of the 29 two corresponding residues, Arg143 and Ala147 respectively, is basic. The 30 disruption of this basic residue by the Arg143>His mutation might not be replaced by a similar residue, Gln. The non-plant bZIP proteins show slightly 4 more variation at this position with substitution of Lys, Gln, Asn, Thr, but not His. 5
The bZIP structural analysis and structural modeling demonstrated all these 6 allowable substitutions (Lys, Gln, Asn, Thr) are able to fit into the space occupied 7
by Arg and maintain hydrogen bonding to phosphate groups, phosT2. Taken 8 together, the contact between Arg143 and DNA is critical for bZIP's function. 9
Expression of dlf1 in the Shoot Apex 11
12
Temporal and spatial specific expression patterns of the dlf1 gene were identified 13 through analysis of expressed dlf1 17-mer sequence tags using massively 14 parallel signature sequencing (MPSS™) (Brenner et al., 2000) . The most 15 abundant expression of dlf1 was found in shoot apices collected near the time of 16 the floral transition, accumulating to about 300 PPM (parts per million) (Fig. 5A) . 17 approximately 1200-bp long, which is consistent with the predicted transcript 28 length (1.2-1.3-kb) ( Fig. 2A) . 29
To understand the spatial distribution of dlf1 expression in the shoot apex,transcript accumulation throughout longitudinal sections of the shoot apex during 1 the floral transition (Fig 5, B and D) . The signal is less intense near the SAM and 2 more intense in regions beneath the SAM, including the base of the nascent leaf 3 primordia and the developing stem. Hybridization of similar stage shoot apices 4 with dlf1 sense probe produced no signal (Fig. 5F) . 5
To understand the dynamics of dlf1 expression through different stages of 6 development, quantitative RT-PCR (qRT-PCR) was conducted on RNA isolated 7 from shoot apices (including the SAM, leaf primordia and subtending stem tissue) 8 collected from wild type (B73), dlf1-N2461A (missense mutant) and id1-m1 (late 9 flowering Ds2-insertion mutant) plants at representative growth stages. 2). All late flowering plants were genotyped at both dlf1 and id1 loci by PCR 22 using primers designed specifically for each allele. dlf1 mutant plants defined by 23 phenotype were all homozygous for the loss-of-function allele at dlf1, confirming 24 their phenotypic classification. Furthermore, all the dlf1 mutant plants were either 25 homozygous wild type or heterozygous at the id1 locus. None were homozygous 26 id1-m1. Conversely, id1-m1 mutant plants were either homozygous wild type, 27 heterozygous or homozygous mutant at the dlf1 locus (Supplemental Table III) . 28
The same result was obtained for both mutant dlf1 alleles tested. Thus dlf1 id1 29 double mutants have a phenotype indistinguishable from the single id1homozygous mutants. These data indicate that id1 is epistatic to dlf1 and dlf1 1 must function within the same pathway but downstream of id1. Regardless of genetic background, on average dlf1 mutants produce 5-9 more 13 leaves and flower 1-2 weeks later than wild type sibs. Such a phenotype 14
indicates that the product of the dlf1 gene promotes the floral transition. 15
Additional defects affecting inflorescence development also mark the dlf1 16 mutation. Both tassel and ear development are perturbed in dlf1 mutant plants. 17
The detection of dlf1 transcript in developing ears ( between monocots and dicots. Although outside the scope of this study, 28 complementation of the Arabidopsis fd mutation with dlf1 would substantiate the 29 presumed orthologous relationship of these two genes. Further, whether the rice 30 and wheat DLF-like proteins function as flowering regulators will requireadditional functional studies but it is tempting to speculate that all the members of 1 the DLF1 clade define a floral transition family of bZIP proteins. 2
The activity of bZIP proteins is known to be regulated by phosphorylation 3 (Siberil et al., 2001 ) and the DLF1 protein has ten putative phosphorylation sites 4 (Fig. 2B) . The basic domain of bZIPs also contains a bipartite nuclear localization 5 signal (NLS) which is required for efficient translocation of the protein from the 6 cytoplasm to the nucleus. The putative phosphorylation site within the basic 7 domain of DLF1 is within the NLS and modification of this site might affect import 8 of the protein into the nucleus. Alternatively, phosphorylation may reduce DNA 9 binding affinity of the DLF1 protein as phosphorylation of serine residues within 10 the basic domain introduces a negative charge near positions that interact 11 directly with DNA. Therefore, the activity of DLF1 has the potential to be 12 regulated by its phosphorylation state. (Fig. 6) .
of leaf primordia and in the developing stem (Fig. 5, B and D) . The temporal and 10 spatial expression of dlf1 is similar to the expression pattern of FD in Arabidopsis 11 analysis indicates that dlf1 transcript accumulates in id1-m1 mutants to levels 22 similar to pre-floral transition wild type levels but does not appear to peak near 23 the floral transition (Fig. 6) . The lack of peak may be explained by the fact that 24 the timing of the floral transition in id1-m1 mutants occurs over a broad period of 25 time, often longer than one week (our unpublished observations). Therefore, our 26 expression results likely reflect an average accumulation of dlf1 transcript in pre-, 27 post-and floral transition stage id1-m1 shoot apices. This would also explain the 28 minor but broad increase in dlf1 expression seen at 61-73 days after planting 29 (Fig. 6) . Alternatively, other aspects of dlf1 activity may be regulated downstream 
MATERIALS and METHODS 12 13

Mutant Stocks and Mutant Characterization 14
Both delayed flowering1 (dlf1) EMS alleles were obtained from the Maize Genetic were separated on 1.5% agarose gel. A fragment segregating with the phenotype 30 was identified with +2 primer MseIntATC. The nested PCR was repeated withas three more independent mutant families, mu461, mu710 and mu453. To 6 identify mutations in the EMS-induced reference alleles N2389A and N2461A, a 7 set of primers was designed to cover the coding region, including the 5' and 3' 8 UTR of the dlf1 gene. Table V ). Each forward primer was paired with a reverse 22 primer designed from sequences in the 3' UTR just downstream of the STOP 23 codon. Amplification was tested against two templates, genomic B73 DNA, as a 24 positive primer control, and cDNA reverse transcribed from pre-floral transition 25 B73 shoot apex mRNA. Actin primers were used as a positive control to assess 26 amplification competence of the cDNA template and B73 genomic templates. 27
Additional forward primers were designed between the most 5' forward primer 28 that amplified a product from the cDNA template and the next 5' primer (see 29
Supplemental Table V) . Reiterating this process, the start of the longest dlf11
RNA Gel Blot Analysis 2
For RNA gel blot analysis, electrophoretic separation of poly-A+ RNA was 3 performed on 1.5% agarose gels containing 5% (v/v) of a solution of 37% 4 formaldehyde in 3-(N-morpholino)-propanesulfonic acid buffer [0.02 M 3-(N-5 morpholino)-propanesulfonic acid, pH 7.0, 5 mM sodium acetate, and 1 mM 6 EDTA]. Gels were blotted to nylon membranes (Roche Molecular Biochemicals, 7
Mannheim, Germany) using the TurboBlotter (Schleicher & Schuell, Keene, NH), 8
with 20 x SSC (1 x SSC is 150 mM NaCl and 15 mM sodium citrate) as the 9 transfer buffer. Blots were probed with 32 P-labeled PCR generated probes of the 10 full length dlf1 gene. 11
12
MPSS™ Analysis 13
The DuPont MPSS™ (Solexa) database consists of libraries of 17-bp sequence 14 tags from 2 x 10 5 to 2 x 10 6 cDNAs isolated from over 200 diverse maize tissues 15 and developmental stages. BLAST analysis allows for quantification of a specific 16 17-bp signature sequence corresponding to a unique cDNA. cDNA abundance is 17 expressed in parts per million (PPM) and is the number of times a particular 17-18 bp sequence is found in a million sequences from a library. 
Cloning and Sequencing of dlf1 Genomic Fragments 14
The Mo17 BAC genomic library was screened with over-go probes. 
